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1. Introduction 
The enzyme glycogen synthase contains multiple 
phosphorylation sites per tetrameric subunit which 
can be phosphorylated by CAMP-dependent and 
CAMP-independent protein kinases (reviewed [11). On 
the basis of analysis of tryptic and CNBr [“PI- 
peptides we have defined two phosphorylation 
domains per 90 000 dalton subunit [2]. The trypsin- 
sensitive domain of Mr 17 000 near the subunit C- 
terminus contains two or more phosphorylation sites 
[3,4] which are preferentially phosphorylated by the 
CAMP-dependent protein kinase. The trypsin-insensi- 
tive domain of 10 000 daltons is preferentially 
phosphorylated by a CAMP-independent synthase 
kinase [2]. 
Recently, a CDRdependent synthase kinase has 
been reported [S ,6] which now appears to be identical 
with phosphorylase kinase which can also catalyze 
phosphorylation and inactivation of glycogen synthase 
[7-91. In this paper, antiserum to phosphorylase 
kinase was used to confirm the conclusion that 
phosphorylase kinase itself catalyzes phosphorylation 
of glycogen synthase. It is also shown that the 
presence of phosphorylase inhibits the inactivation of 
glycogen synthase by phosphorylase kinase and that 
the phosphorylation site in the trypsin-insensitive 
Abbreviations: CAMP, adenosine 3’,5’-monophosphate; CDR, 
calciumdependent regulatory protein; PTH, phenylthio- 
hydantoin 
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domain of glycogen synthase isserine residue no. 7 
from the N-terminus. It is concluded that probably 
the same catalytic site in phosphorylase kinase 
catalyzes phosphorylation of phosphorylase and 
glycogen synthase. 
2. Methods 
Glycogen synthase was purified from rabbit skeletal 
muscle through the affinity chromatography [2] and 
phosphocellulose chromatography [8] steps. This 
procedure yields glycogen synthase which is free of 
contaminating synthase kinase and phosphatase 
activities. Phosphorylase kinase from rabbit skeletal 
muscle was purified according to [lo] and 
phosphorylase b as in [ Ill. Liver phosphorylase kinase 
was obtained from Drs T. D. Chrisman and E. G. 
Krebs [ 121 and antiserum to rabbit muscle 
phosphorylase kinase from Dr L. M. G. Heilmeyer 
[ 131. Regulatory subunit of CAMP-dependent protein 
kinase was prepared by Dr J. D. Corbin. Phosphoryla- 
tion of glycogen synthase by phosphorylase kinase 
was performed as in [8]. The stoichiometry of 
synthase phosphorylation, trypsin-insensitive 
[32P]synthase, and the synthase activity ratio were 
determined as in [2]. Phosphorylase was assayed in 
the absence and presence of 5’.AMP as in [ 141. 
[T-~~P]ATP was prepared according to [ 151. The 
[32P]synthase was sequenced from the amino terminus 
in a Beckman Model 890 B Sequencer using the 
method in [16]. 
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3. Results and discussion 
We have reported that phosphorylation of glycogen 
synthase by skeletal muscle phosphorylase kinase 
(0.003-0.03 PM) resulted in incorporation of 
-0.5-0.6 mol “P/synthase subunit associated with 
partial inactivation of synthase [8]. This phosphoryla- 
tion was almost exclusively into the trypsin-insensitive 
domain. With 3500-fold purified liver phosphorylase 
kinase [ 121 as catalyst, we have also obtained incor- 
poration of 0.5-0.6 mol 32P/mol synthase subunit 
resulting in a decrease of the synthase activity ratio 
from 0.8-0.4 (results not shown). Using 0.28 PM 
activated muscle phosphorylase kinase (pH 6.8/8.6 
activity ratio = 0.6) as catalyst, synthase phosphoryla- 
tion was biphasic (fig.1) with rapid incorporation of 
OS-O.6 mol 32P/90 000 g into the trypsin-insensitive 
domain followed by a much slower phosphorylation 
of the trypsin-sensitive domain. Synthase inactivation 
as measured by the synthase activity ratio correlated 
exactly with phosphorylation of the trypsin-insensitive 
domain. The slow phosphorylation of the trypsin- 
sensitive domain was not due to the small amount of 
CAMP-dependent protein kinase which normally con- 
taminates phosphorylase kinase since this phosphoryl- 
ation was not blocked by the heat-stable inhibitor 
[ 171 of CAMP-dependent protein kinase or by added 
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Fig.1. Glycogen a4 -synthase (0.5 mg/ml) was phosphorylated 
at pH 8.6 using activated rabbit skeletal muscle phosphorylase 
kinase (90 Mg/ml, pH 6.8/8.6 activity ratio = 0.6). At the 
indicated times, aliquots were removed and analyzed for 8 
total [ s’P]synthase (o-0); trypsin-insensitive [ 32P]synthase 
(A-----A); synthase activity ratio (o-o). 
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Fig.2. Phosphorylase kinase (14 pg) was incubated with the 
indicated amount of antiserum (6.5 pg/pl) plus control serum 
(total serum protein of 6.5 HP/Ml) at 5°C for 2 h in 0.1 ml. 
The mixture was centrifuged and the supernatant was diluted 
20-fold and assayed at pH 8.6 for phosphorylation of glycogen 
synthase (circles) and phosphorylase (squares) at 0.6 mg 
substrate/ml. 
regulator subunit of cAMPdependent protein kinase 
(results not shown). 
If the synthase phosphorylation is being catalyzed 
by phosphorylase kinase, antiserum to purified 
phosphorylase kinase should give identical inhibition 
of phosphorylation of phosphorylase and glycogen 
synthase as observed in fig.2. Antiserum had no effect 
on synthase phosphorylation catalyzed by CAMP- 
dependent protein kinase catalytic subunit. 
Using 50 MM synthase and 160 PM phosphorylase, 
there was significant inhibition of each substrate 
towards conversion of the other (fig.3). These results 
as well as the antibody studies suggest hat the same 
catalytic site in phosphorylase kinase catalyzes 
phosphorylation of glycogen synthase and 
phosphorylase. It was concluded [ 131 that different 
catalytic sites in phosphorylase kinase catalyze 
phosphorylation of phosphorylase and troponin I. 
Also, phosphorylase has been shown [ 181 to stimulate 
rather than inhibit the rate of the autocatalytic activa- 
tion of phosphorylase kinase. 
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Fig.3. Interconversions of glycogen synthase (solid symbols) 
and phosphorylase (open symbols) in the absence (triangles) 
and presence (circles) of each other. 
Glycogen synthase was phosphorylated to0.5 mol 
=P/90 000 g using [T-~~P]ATP and phospho~lase 
kinase. The intact synthase subunit was subjected to 
automated amino acid sequence analysis (see sec- 
tion 2). An aliquot of the chlorobutane wash from the 
sequenator cup was counted for “P and the reminder 
used for identification of the PTH-amino acid. A 
peak of 32 P was found at cycle no. 7 which corresponded 
to a serine residue (fig.4). The sequence that was 
obtained throu~v~~e no. 8 agreed with the reported 
N-terminal sequence [ 191. 
Fig.4. Sequence analysis of phosphory~t~ glycogen 
synthase. Glycogen synthase was phosphorylated using 
phasphorylase kinase and [T-“P]ATP. The [32P]synthase was 
sequenced from the N-terminus (see section 2). An aliquot of 
the chlorobutane wash at each cycle was counted for “P and 
the remainder was used for identification of the PTH amino 
acid. 
lack of quantitative recovery is due to hydrolysis of 
~~-phosphoserine to 32P. which extracts poorly in 
the chlorobutane wash [4j. While this work was in 
progress Rylatt and Cohen [20] reported that a CDR- 
dependent kinase contaminating their glycogen 
synthase preparation phospho~lates serine residue 7. 
The homology surrounding these phosphorylation 
sites is consistent with similar I&, values of 
phosphorylase kinase for glycogen synthase and 
phosphorylase with -2.3-fold higher Yrnm for 
phosphorylase than for synthase [8 1, 
Synthase 1191: Arg-Thr-Leu-Sir(P)-Val-Ser-Ser-Leu 
Phosphorylase [20]: Lys-Gln-Ile-&(P)-Val-Arg-Gly-Leu 
We concluded that serine no. 7 in glycogen 
synthase was phosphorylated by phosphorylase 
kinase. We cannot exclude the possibility of other 
phosphorylated sites since our recovery of “P at turn 
7 was not quantitative. We believe, however, that the 
Ac~owl~gements 
The authors wish to acknowledge the suggestions 
and advice of Dr Kenneth Walsh, University of 
Wa~ngton, in whose laboratory the sequence analysis 
183 
Volume 106, number 1 FEBS LETTERS October 1979 
was performed and MS Martha Bass for excellent 
technical assistance. This work has been supported by 
the National Institutes of Health Grants AM 17808 
and GM 15731. 
References 
[l] Nimmo, H. G. and Cohen, P. (1977) Adv. Cyclic Nucl. 
Res. 8,145-266. 
[ 21 Soderling, T. R., Jett, M. F., Hutson, N. J. and Khatra, 
B. S. (1977) J. Biol. Chem. 252,7517-7524. 
[ 31 Huang,T. S.and Krebs, E. G. (1977) Biochem. Biophys. 
Res. Commun. 75,643-650. 
[4] Proud, C. G., Rylatt, D. B., Yeaman, S. J. and Cohen, P. 
(1977) FEBS Lett. 80,435-442. 
[5] Srivastava, A. K., Waisman, D. M., Brostrom, C. 0. and 
Soderling, T. R. (1979) J. Biol. Chem. 254,583-586. 
[6] Rylatt, D. B., Embi, N. and Cohen, P. (1979) FEBS 
Lett. 98,76-80. 
[7] DePaoli-Roach, A. A., Roach, P. J. and Larner, J. 
(1979) J. Biol. Chem. 254,4212-4219. 
[8] Soderling, T. R., Srivastava, A. K., Bass, M. A. and 
Khatra, B. S. (1979) Proc. Natl. Acad. Sci. USA 76, 
2536-2540. 
[9] Walsh, K. X., Millikin, D. M., S&lender, K. K. and 
Reimann,E.M.(1979) J. Biol. Chem. 254,6611-6616. 
[lo] Hayakawa, T., Perkins, J. P., Walsh, D. A. and Krebs, 
E. G. (1973) Biochemistry 12,567-573. 
[ll] Fischer, E. H. and Krebs, E. G. (1978) J. Biol. Chem. 
231,65-71. 
[ 121 Chrisman, T. D. (1978) Fed. Proc. FASEB 37,1686. 
[ 131 Dickneite, G., Jennissen, H. P. and Heilmeyer, L. M. G. 
(1978) FEBS Lett. 87,297-302. 
[14] Illingworth, B. and Cori, G. T. (1953) Biochem. Prep. 3, 
1. 
[ 151 Walseth, T. and Johnson, R. (1979) Biochim. Biophys. 
Acta 562,11-31. 
[16] Brauer, A. W., Margolies, M. N. and Haber, E. (1975) 
Biochemistry 14,3029-3035. 
[ 171 Walsh, D. A., Ashby, C. D., Gonzalez, C., Calkins, D., 
Fischer, E. H. and Krebs, E.G. (1971) J. Biol. Chem. 
246,1977-1985. 
[ 181 Carlson, G. M. and Graves, D. J. (1976) J. Biol. Chem. 
251,7480-7486. 
[ 191 Huang, T. S. and Krebs, E. G. (1979) FEBS Lett. 98, 
66-70. 
[20] Rylatt, D. B. and Cohen, P. (1979) FEBS Lett. 98, 
71-75. 
[21] Titani, K., Cohen, P., Walsh, K. A. and Neurath, H. A. 
(1975) FEBS Lett. 55,120-123. 
184 
